Acyclovir, a nucleoside analog, is thought to be specific for the human herpesviruses because it requires a virally encoded enzyme to phosphorylate it to acyclovir monophosphate. Recently, acyclovir triphosphate was shown to be a direct inhibitor of human immunodeficiency virus type 1 (HIV-1) reverse transcriptase. Here, we showed that acyclovir is an inhibitor of HIV-1 replication in CD4 ؉ T cells from cord blood that have undetectable levels of the eight human herpesviruses. Additionally, acyclovir phosphates were detected by reverse-phase-high performance liquid chromatography (RP-HPLC) and quantified in a primer extension assay from cord blood. The data support acyclovir as an inhibitor of HIV-1 replication in herpesvirus-negative cells.
Acyclovir therapy for treatment of herpes simplex virus 2 (HSV-2) in patients coinfected with HSV-2 and human immunodeficiency virus type 1 (HIV-1) can potentially modulate the progression of HIV-1 disease. There is evidence of more rapid HIV-1 disease progression in dually infected individuals (6, 15, 29) as well as in vitro data demonstrating that HSV-2 proteins can activate the HIV-1 long terminal repeat, leading to increased HIV-1 replication (10, 18, 23) . Recent trials of acyclovir monotherapy for HSV-2 infection in HSV-2/HIV-1-coinfected individuals showed an approximately 0.33 to 0.5 log 10 decrease in HIV-1 plasma levels, but the overall benefits of this approach remain unclear (24, 30, 36) . One study reported that acyclovir therapy in HSV-2/HIV-1-coinfected patients did not prevent transmission of HIV-1 to uninfected partners (4) . Likewise, acyclovir prophylaxis in HSV-2-infected patients demonstrated no significant decrease in the acquisition of HIV-1 compared to that for patients taking a placebo (3, 33) . In addition, the plasma load of HIV-1 is a strong indicator of disease progression (22) , but despite the observed sustained decrease in HIV-1 load, recent data show no differences in viral load set points or CD4 ϩ T cell counts in patients taking acyclovir at the time of HIV-1 acquisition from those of a control group of patients (14) . Together, these results highlight the need for a better understanding of the effects of acyclovir treatment in HSV-2/HIV-1-coinfected patients, due to the high rate of coinfection (6) .
Acyclovir, (Fig. 1A) , identified as an antiherpetic drug in the 1980s (27, 28) , is converted intracellularly to the active 5Ј-triphosphate form that inhibits viral DNA polymerase. Acyclovir is specific for herpesviruses because it requires the virally encoded thymidine kinase (TK) to add the alpha phosphate to the analog, giving rise to acyclovir monophosphate (ACVMP), which is then sequentially phosphorylated by cellular enzymes to acyclovir triphosphate (ACVTP) (9, 12) (Fig. 1A) . HSV-2 is not the only human herpesvirus (HHV) encoding an enzyme that phosphorylates acyclovir. All HHVs encode TK or a protein kinase that phosphorylates acyclovir (8) . For example, the highly prevalent HHV type 6 (HHV-6) and HHV-7, T-lymphocyte-tropic viruses (5, 16) , contain the U69 gene that for HHV-6 has been shown to encode the enzyme responsible for phosphorylating acyclovir (1) . Early studies performed to assess intracellular concentrations of ACVTP in herpesvirusinfected and uninfected cell lines showed that even in the absence of viral TK, detectable levels of ACVTP were present, but at much lower levels (7, 32) . Although it is generally accepted that a herpesvirus enzyme is required to phosphorylate acyclovir to ACVMP, this finding prompted additional exploration into possible cellular enzymes that could phosphorylate acyclovir. In 1985, Keller et al. (13) demonstrated that cellular cytoplasmic 5Ј nucleotidase could phosphorylate acyclovir, while others (32) postulated that deoxycytidine kinase was the responsible enzyme. Because concentrations of ACVTP in infected cells were many times higher than in uninfected cells (32) , the identity of the cellular kinase with acyclovir-phosphorylating activity was not pursued further.
Recently, we and others (17, 21) showed that acyclovir can inhibit HIV-1 replication and that ACVTP is a substrate of HIV-1 reverse transcriptase (RT). One key finding from these studies was that the anti-HIV-1 activity of acyclovir is HSV-2 independent. Lisco et al. quantified levels of HHV in tonsil samples used in HIV-1 infection assays and found HHV-6 present in all samples where acyclovir inhibited HIV-1 replication (17) . This finding suggests that coinfection with an HHV is necessary for the anti-HIV-1 activity of acyclovir.
To further study the herpesvirus dependence of acyclovir inhibition of HIV-1 replication, we used a single-round HIV-1 infectivity assay capable of detecting individual infection events in primary CD4 ϩ T cells (19, 31, 35) . We simultaneously quantified levels of the eight HHVs present in the CD4 ϩ T lymphoblasts from peripheral blood and cord blood that were used as target cells in infectivity assays. We studied cord cells because of the high prevalence of HHV-6 and -7 infections in healthy adults (2) . Greater than 90% of the population is infected with at least one of these viruses by age 2, but importantly, levels are low or undetectable in cord blood (11) . This makes cord cells ideal for studying the requirement for herpesvirus infection to observe inhibition of HIV-1 replication by acyclovir.
To compare the anti-HIV-1 activities of acyclovir in adult peripheral blood and cord blood CD4 ϩ T cells, we activated mononuclear cells for 48 to 72 h with phytohemagglutinin (PHA) and isolated CD4 ϩ T cells. Cells were infected as described previously (19, 31, 35) with HIV-1 pseudovirions encoding green fluorescent protein (GFP). CD4 ϩ T cells were preincubated for 16 to 20 h with increasing concentrations of acyclovir prior to being infected, and infection levels were evaluated 72 h later, using flow cytometry, by quantifying the number of GFP-positive cells. Results were plotted using a log-log plot (Fig. 1B) or linear-log plot (Fig. 1C ) and showed that acyclovir inhibited HIV-1 infection similarly in both cell types. The V75I mutation in RT, which confers resistance to acyclovir in peripheral blood mononuclear cells (PBMCs) (20) , also confers resistance in cord blood cells (data not shown). A dose-dependent inhibition of HIV replication by acyclovir was also observed in a multiround infection assay using adult peripheral blood CD4 ϩ T cells (data not shown). The average 50% inhibitory concentration (IC 50 ) in adult peripheral blood
FIG. 1. Acyclovir is an anti-HIV-1 drug. (A) Enzymes that phosphorylate acyclovir to the active 5Ј-triphosphate form in HHV-infected cells.
Shown is the prodrug acyclovir, a herpesvirus-specific nucleoside analog. The first phosphate is added to a hydroxyl that is structurally analogous to the 5Ј end of a nucleoside. In HHV-infected cells, this reaction is carried out by a herpesvirus-encoded TK or protein kinase. The monophosphate is retained in the cell, and the second and third phosphates are sequentially added by the indicated cellular enzymes. (B) Acyclovir inhibits HIV-1 replication in a single-round infectivity assay using CD4 ϩ T lymphoblasts from healthy adult peripheral blood and cord blood. Activated CD4 ϩ T cells isolated from healthy adult or cord blood were infected with an HIV-1 pseudovirus in the presence of increasing concentrations of acyclovir. Dose response curves for adult (gray line and circle) and cord (black line and square) cells are plotted as percentages of maximal infection, defined for each cell type as the number of GFP-expressing cells in the presence of the drug divided by the number of GFP-expressing cells in the absence of a drug effect on a log-log graph. Error bars represent the standard errors of the means of the data from three replicate experiments with cells from six separate healthy or cord blood donors. The dashed horizontal line represents 50% inhibition. The lightly shaded box represents the peak clinical concentration range of acyclovir, with peak plasma concentrations ranging from 7 M to 26.6 M, depending on the form and dose. 
a CD4 ϩ T cells were obtained from adult peripheral blood or cord blood. b Copy numbers of HHV genomes were determined by quantitative real-time PCR in triplicate as described previously (17), using input DNA from 150,000 to 250,000 CD4
ϩ T cells/sample. A value preceded by the symbol for "less than" (Ͻ) represents the maximum possible number of copies. Ranges represent values from determinations in triplicate. HHV-1, human herpes simplex virus 1; HHV-2, human herpes simplex virus 2; HHV-3, varicella-zoster virus; HHV-4, Epstein-Barr virus; HHV-5, human cytomegalovirus; HHV-8, Kaposi's sarcoma-associated herpesvirus. cells is ϳ4 M, while the average for cord blood cells is ϳ21 M. The IC 50 is slightly higher for the cord samples, but activity is still within the clinical concentrations of acyclovir achieved in vivo (34) and could simply reflect differences in the activation state of the cells or the degree of HHV coinfection. The overall infectibility of cord cells in the absence of the drug was slightly lower than that of adult cells (Fig. 1D) . Quantitative real-time PCR was performed to determine if known HHVs were present in CD4 ϩ T lymphocytes used in the singleround infectivity assays. To do this, we isolated cellular DNA from ϳ5 ϫ 10 6 CD4 ϩ T cells from each donor and used herpesvirus-specific primer and probe sets as reported by Lisco et al. (17) in individual PCR mixtures containing DNA from ϳ150,000 to 250,000 CD4 ϩ T cells. As shown in Table 1 , all adult blood donors had detectable levels of the T-cell-tropic HHV-6 and -7, with HHV-7 being present in Ͻ0.3% of cells. Despite this low level of herpesvirus infection, acyclovir consistently inhibited HIV-1 replication in the single-round infectivity assay. Interestingly, none of the HHVs were detected in cord blood samples with our PCR, with the exception of sample 7, which contained 1 to 12 copies of HSV-1 DNA in ϳ150,000 to 250,000 cells. One advantage of using flow cytometry to quantify HIV-1 infection events is the ability to collect thousands of events. For each dose response curve, ϳ100,000 cells were infected, and ϳ50,000 events were collected per drug concentration. The average percentage of cells infected in the absence of the drug was around 20%, or 10,000 cells. Combining the real-time PCR and infectivity results, our data suggest that at most, only 30 of 10,000 cells contain an HHV genome. Since the shape of the dose response curve (Fig. 1B) is similar to curves for other anti-HIV drugs, it appears that acyclovir can inhibit HIV-1 infection in cells that lack an HHV genome.
To further explore the ability of acyclovir to inhibit HIV-1 replication in CD4 ϩ T cells from cord blood, we compared two methods of activation, the approach described above using PHA and a second method using beads conjugated with anti-CD3 plus anti-CD28. For anti-CD3 plus anti-CD28 activation, CD4 ϩ T cells were purified prior to being activated. As shown in Fig. 2A , representative dose response curves from cord sample 10 demonstrate similar results with the two different activation methods. The IC 50 for cells activated by anti-CD3 plus anti-CD28 is higher than that for PHA-activated cells, but nevertheless, inhibition by acyclovir is apparent. We sought to further confirm the presence of ACVTP in cord blood cells. To do this, we incubated 1 ϫ 10 6 PHA-activated CD4 ϩ T cells from cord blood with 300 M acyclovir, 5 g/ml mycophenolic acid (MPA), or a combination of both. MPA decreases cellular levels of dGTP by inhibiting de novo purine biosynthesis (26) . Acyclovir is a deoxyguanosine analogue, and MPA increases the levels of ACVTP relative to those of dGTP, thereby potentiating the anti-HSV effect of acyclovir in vitro and in vivo (25) . After 24 h, cells were lysed with 60% methanol (MeOH) and extracts were reconstituted in 50 mM Tris-HCl [pH 8 .0]-10 mM MgCl 2 and used as the sole source of nucleotides for a primer extension assay with purified HIV-1 RT (21) . Primer extension products were separated by electrophoresis and visualized by fluorescence (Fig. 2B) . We quantified the primer plus 1 extended product because all products larger than the plus 1 band reflect nucleotide incorporation not inhibited by ACVTP and show that this band intensity is increased with coincubation of 300 M acyclovir and 5 g/ml MPA, suggesting increased ACVTP incorporation (Fig. 2B,  lane 7) . This finding is consistent with infectivity data for adult CD4 ϩ T cells, where we observed enhanced inhibition of HIV replication in the presence of both MPA and acyclovir compared to that with acyclovir alone (Fig. 1E) . To directly demonstrate the presence of ACVTP in these cells, we used reverse-phase-high performance liquid chromatography (RP-HPLC) to detect acyclovir phosphates. Cells (15 ϫ 10 6 ) from cord blood sample 10 activated by PHA or anti-CD3 plus anti-CD28 were incubated with 20 Ci [ 3 H]acyclovir overnight. Cells were lysed, and extracts were reconstituted in water. Phosphates of acyclovir were separated by ion pairing RP-HPLC on a C 18 beta basic column (3 ϫ 250 mm; 5 m) using a 15-min gradient elution with 7.5% acetonitrile and 4 mM tetrabutylammonium bromide in 100 mM phosphate buffer (pH 6) for 5 min, increased to 30% acetonitrile over min 5 to 6, maintained at 30% acetonitrile for 8 min, and reduced to 7.5% acetonitrile for min 14 to 15. Fractions were collected every 15 s. As shown in Fig. 3 , ACVMP, acyclovir diphosphate (ACVDP), and ACVTP were detected in both samples even though no HHV DNA was detectable (Table 1) . A similar pattern was observed in extracts from ACV-treated HEK293 cells that were transfected with a herpes simplex virus 1 thymidine kinase expression vector (data not shown).
An understanding of the inhibitory potential of acyclovir against HIV-1 replication is important because of the extensive use of acyclovir in HSV-2/HIV-1-coinfected patients (24, 33) . The data presented here suggest that direct inhibition of HIV-1 infectivity by acyclovir may also be independent of HHVs. Clinical trials of acyclovir have been aimed at HSV-2/ HIV-1-coinfected patients, and clinical trials of acyclovir in HIV-1-infected individuals not coinfected with herpes simplex viruses are now under way. Our results suggest that these patients are likely to experience the same modest reduction in HIV-1 load as seen in HSV-2/HIV-1-coinfected patients. Studies to identify the non-HHV kinase that phosphorylates acyclovir should provide additional understanding of the activation of acyclovir into an anti-HIV-1 drug and may contribute to the development of more potent acyclovir analogues.
